Background
Introduction
As the number of older adults grows dramatically worldwide, dementia is regarded as a public health priority that has imposed an increased burden on our society in either financial or psychological respect. Nearly 35.6 million people were afflicted with dementia in 2012, and this number is expected to double by 2030 [1] . Benzodiazepines are a class of drugs acting on γ aminobutyric acid A receptors [2] , and are commonly prescribed for the treatment of anxiety, insomnia and depression in the elderly across many countries [3] [4] [5] . The percentage of benzodiazepine use in subjects aged 65 years and over is 18.9% [5] and 15.0% [6] in Germany and Canada, respectively. In China, nearly one-third of patients with insomnia take benzodiazepines [7] .
The guidelines recommend that the overall duration of benzodiazepine use should be limited to several weeks [8] , but long-term use is still common [3, 9, 10] . Studies performed in patients aged 65 years and over reported a seven-year period of benzodiazepine use on average [11] . Several observational studies investigated the association between long-term benzodiazepine use and risk of dementia but presented mixed results. Some studies revealed an increased risk of dementia [12] [13] [14] [15] [16] among benzodiazepine users, whereas other studies revealed a decreased risk of dementia [17] .
Meta-analysis is usually described as a quantitative statistical method that improves statistical power through pooling effect sizes from individual studies, and plays an important role in solving controversial issues in medicine. Therefore, we conducted a meta-analysis to quantify the relationship between long-term benzodiazepine use and dementia. Moreover, we explored a potential dose-response pattern between long-term benzodiazepine use and dementia.
Materials and Methods

Search strategy
We performed this study following the PRISMA statement. Two researchers (G.C.Z. and Y. W.) independently performed an electronic search of PubMed, Embase and the Cochrane Library through August 17, 2014 , with the following keywords: "dementia", "Alzheimer's disease", "Alzheimer disease", "vascular dementia", "benzodiazepines", "benzodiazepine", "hypnotics", "hypnotic", "sedatives" and "sedative". We limited our searches to human subjects. The reference lists of identified studies and pertinent reviews were checked for identifying additional citations. No effort was attempted to obtain extra information by contacting the authors of included studies via e-mails.
Study selection
Nested case-control or prospective cohort studies that provided a clear definition of status of benzodiazepine use (ever use, recent use, or past use) and adjusted risk estimates on the association between benzodiazepine use and risk of dementia met our inclusion criteria. We excluded studies that compared recent users with a reference group that indiscriminately pooled both past and never users.
Two reviewers (G.C.Z. and Y.W.) independently performed study screening with a twostage method. In the first stage, we read titles and abstracts to exclude obviously irrelevant studies. In the second stage, we read the full text to further exclude unrelated studies. Any discrepancy about eligibility of studies was resolved by discussion.
Data extraction
Two reviewers (G.C.Z. and Y.W.) independently extracted following information: last name of the first author, publication date, study location, mean age of participants at baseline, number of cases and participants, maximum follow-up duration, exposure assessment, outcome assessment, status of benzodiazepine use and corresponding definitions, diagnostic criteria, the crude risk estimates with 95% confidence interval (CI), the most fully adjusted risk estimates with 95% CI, and adjustment factors. Any disagreement was settled by discussion. When multiple reports derived from the same cohort, we extracted data from the report with the longest follow-up duration.
Statistical analysis and quality assessment
We used risk ratio (RR) to assess the association between benzodiazepine use and risk of dementia. Hazard ratio and odds ratio were directly regarded as RR because dementia is a relatively uncommon event [18, 19] . These primary effect sizes of interest are computed via logistic regression model or Cox proportional hazards model among included studies. We pooled adjusted RRs as well as crude RRs where possible to yield summary effect size through a random-effects model, which considered heterogeneity and consequently yielded more conservative pooled results compared to a fixed-effects model. The Hedges Q statistic was employed to qualitatively describe heterogeneity (statistical significance was set at p<0.10). The I 2 statistic, representing the percentage of the variability in risk estimates that is caused by heterogeneity rather than chance [20] , was employed to quantify heterogeneity [21] . Summary results were thought to be low heterogeneity if corresponding I 2 <50%, moderate heterogeneity if 50%≦I2≦75%, and substantial heterogeneity if I 2 >75%. For two studies [15, 16] that reported risk estimates for recent and past users of benzodiazepines separately, we combined these stratum data using a random-effects model to approximate risk estimates for ever users. To evaluate the stability of pooled results and to identify potential sources of heterogeneity, we conducted sensitivity analyses for pooled adjusted RRs by means of omitting a single study in turn and using various exclusion criteria. We also repeated our meta-analyses through a fixedeffects model to evaluate the stability of our pooled results. We explored a dose-response pattern between benzodiazepine use and dementia on the basis of the method previously proposed by Orsini and colleagues [22] . The independent variable was defined daily dose per year (defined daily dose, a dose unit for benzodiazepines, is referred to as "the assumed average maintenance dose per day for a drug used for its main indication in adults" [23] ), and the dependent variable was the natural logarithm of the RRs. Using data on the defined daily dose per year, number of cases, person-year of follow-up, adjusted RR and corresponding 95% CI, we first calculated study-specific slope with log-linear dose-response model, and then combined them with a random-effects model to produce an overall slope. For two studies [14, 15] that provided cumulative benzodiazepine dose during follow-up, we divided cumulative dose by mean length of follow-up to obtain average defined daily dose per year. The midpoint of lower and upper boundaries was regarded as the assigned dose because benzodiazepine dose was reported as range in all available studies. If the highest range was open-ended, we assumed that it had the same width of the interval as the preceding range.
We employed the Newcastle-Ottawa quality assessment scale [24] to judge the methodological quality of included studies. This scale uses a star system to evaluate the quality of included studies on the basis of three broad perspectives: the selection of study cohort, the comparability of study cohort, and the ascertainment of outcome of interest, length of follow-up and loss to follow-up rate. After judging these three perspectives, a maximum of nine stars could be assigned to each study. A study with six or more stars was thought to be of high quality. We used Begg's test [25] and Egger's test [26] to test publication bias. STATA software (version12.0, StataCorp, College Station, TX) was used to perform data synthesis and analysis. Statistical significance level was set at p<0.05 under two-sided test unless otherwise specified.
Results
Literature search
A sum of 1573 records (PubMed, n = 602; Embase, n = 869; CENTRAL, n = 102) were identified through our initial database search. After removing duplicates, 984 relevant records remained. Of these remained records, 978 were judged to be not eligible for the inclusion using our two-stage method. Thus, 6 studies were included in our review and analysis (Fig 1) .
Study characteristics
The characteristics of included studies are presented in Table 1 . These studies were published between 2002 [27] and 2013 [16] . The maximum follow-up duration ranged from 8 years [15, 27] to 25 years [12] . The sample size of included studies varied from 1063 [13] to 25,140 [14] , with a total of 45,391 participants. The number of dementia cases varied from 93 [12] to 8,434 [14] , with a sum of 11,891 dementia cases. Two studies [14, 15] utilized data from different subsets of the National Health Insurance Research Database in Taiwan. Five studies [12-14, 16, 27] separately provided RRs for recent and past users of benzodiazepines. Of these, two [13, 27] derived from the same cohort, but dementia cases were totally different, which made us treat them as two separate studies. One study [13] performed a cohort analysis, and additionally used a nested case-control analysis to check the robustness of their findings. Three studies [12, 13, 27] used the interview to document benzodiazepine exposure, two [14, 15] used the recorded prescription, and remaining one [16] used the claim record. The methods used to ascertain dementia included clinical diagnosis [12, 13, 27] and use of claim record [14, 15, 16] . For the quality assessment, all included studies obtained more than 6 stars, signifying high quality among them. Most of included studies adjusted confounders of age, anxiety and depression.
Ever use of benzodiazepines and risk of dementia
Although six included studies all provided risk estimates associated with ever use of benzodiazepines, two of them [13, 27] derived from the same cohort. Thus, five studies [12] [13] [14] [15] [16] were included in meta-analysis for ever use of benzodiazepine and risk of dementia, involving 11,741 dementia cases and 41,722 subjects. When we pooled unadjusted RRs, ever users showed an increased risk of dementia (RR 2.03, 95% CI 1.56-2.63) (Fig 2) compared with never users. After adjustment for confounders, pooled RRs remained significant (RR 1.49, 95% CI 1.30-1.72) (Fig 2) , with low heterogeneity (p = 0.19; I 2 = 35.1%).
Recent use of benzodiazepines and risk of dementia
Current meta-analysis for recent use of benzodiazepine and risk of dementia included five studies [12-14, 16, 27] , involving 10,940 dementia cases and 41,200 participants. Recent users had a higher risk of dementia (RR 1.93, 95% CI 1.33-2.79) (Fig 3) than that for never users when we pooled unadjusted RRs. After adjustment for confounders, pooled RRs remained significant (RR 1.55, 95% CI 1.31-1.83) (Fig 3) , with low heterogeneity (p = 0.32; I 2 = 15.0%).
Past use of benzodiazepines and risk of dementia
Our review included five studies [12-14, 16, 27] for past use of benzodiazepines and risk of dementia, involving 10,940 dementia cases and 41,200 participants. Past users had 1.69-fold higher risk of dementia (95% CI 1.47-1.95) (Fig 4) compared with never users when we pooled unadjusted RRs. After adjustment for confounders, pooled RRs remained significant (RR 1.55, 95% CI 1.17-2.03) (Fig 4) , with moderate heterogeneity (p<0.01; I 2 = 72.6%).
Sensitivity analyses
The results of sensitivity analyses are shown in Table 2 and Fig 5. Exclusion of a single study in turn did not change pooled RRs for the aforementioned associations. When we repeated our meta-analyses through a fixed-effects model, all initial significant associations persisted. For the association between past use of benzodiazepines and dementia, exclusion of one study [14] that conducted in the Asian population and had a sample size of more than 10,000 produced a RR of 1.69 (95% CI 1.41-2.02), with no evidence of heterogeneity (I 2 = 0.0%). 
Dose-response analysis
On the basis of only two studies [14, 15] , we found a significant dose-response association between benzodiazepine use and dementia. The risk of dementia increased by 22% for a 20 defined daily dose per year increment in benzodiazepine dose (RR 1.22, 95% CI 1.18-1.25), with no evidence of heterogeneity (p = 0.32; I 2 = 0.0%).
Publication bias
We did not find the evidence of publication bias for any association through Begg's test and Egger's test (all p>0.05).
Discussion
Main findings
The association between long-term benzodiazepine use and risk of dementia has received significant attention but is still in debate. A most recent systematic review of observational studies (cohort and case-control studies) found that the long-term users of benzodiazepines have a 1.5-to 2-fold increased risk of developing dementia compared with never users [28] . On the basis of nested case-control and prospective cohort studies, our meta-analysis found that compared with never users, long-term benzodiazepine users (ever, recent and past users) were at an elevated risk of dementia when we pooled either unadjusted RRs or adjusted RRs, which was consistent with the findings of previous review [28] . The prodromal symptoms of dementia, including sleep disturbance, anxiety and depression [29] [30] [31] , can occur around 10 years preceding a clinical diagnosis of dementia [32] . The presence of these psychiatric symptoms may motivate physicians to prescribe benzodiazepines. Thus, some researchers raise concerns that the observed association between benzodiazepine use and dementia may be due to confounding by indication and reverse causation [31, 33] . Nonetheless, the following facts possibly attenuate these concerns. First, it is found that the frequency of prodromes increases when dementia onset is approaching [32] . On the basis of this fact, the strength of the association for recent users should be stronger than that for past users if reverse causation is the case in the association of benzodiazepine use and dementia. However, our review observed similar risk estimates for recent and past users. Second, when we confined our analyses to RRs with adjustment for anxiety or depression, most but not all pooled results persisted. Third, a significant dose-response pattern was observed in the present study, although it was derived from limited numbers of included studies. Such finding supports a causal relationship between benzodiazepine use and dementia. Finally, our results are consistent with findings from an individual study [12] that had a mean follow-up of 22 years. The follow-up length in that study [12] was long enough to overcome the hypothesis of reverse causation.
The prevalence of psychotropic medication use among the elderly is high [34, 35] , with a reported prevalence of up to 73% in subjects aged 65 years and over [34] . Use of psychotropic medications except benzodiazepines has been found to be associated with an increased risk of dementia [36, 37] . These facts provide a critical reminder that our findings might be biased by use of other psychotropic medication among included study population. There are two extreme conditions regarding this bias: one is that subjects in the exposure group concurrently use other psychotropic medications but those in the non-exposure group not, another is that subjects in the non-exposure group use other psychotropic medications but those in the exposure group not. The former condition results in an overestimated risk of dementia associated with benzodiazepine use, while the latter condition will underestimate that risk. Due to complex circumstances in the real world, unfortunately, we cannot ascertain the specific effect of use of other psychotropic medications on the magnitude and direction of the association between benzodiazepine use and dementia. Nonetheless, several included studies [13, 14, 27 ] treated benzodiazepine-related drugs, such as Z-drugs, as benzodiazepines, which produced a possibility of overestimating the risk of dementia in relation to benzodiazepine use. Of included studies, ever use of benzodiazepines was consistently defined as benzodiazepine use during follow-up, namely use of benzodiazepines at least once before the index date. The consistent definition increased the reliability of our pooled results for the association between ever use of benzodiazepines and dementia. However, we observed that the cut-off points between recent use and past use among included studies varied from 2 years [27] to 12 years [12] . The selection of different cut-off points among included studies may be related to differences in the follow-up duration and interval between two follow-up visits. The different cut-off points represent inconsistent definitions of recent and past use of benzodiazepines among included studies. Under this condition, the exact definitions of recent and past use of benzodiazepines for the pooled results are uncertain. Consequently, the utility value of the findings associated with recent and past use of benzodiazepines may be affected to some extent. Nonetheless, our findings regarding recent and past use of benzodiazepines may provide an important implication that stopping use of benzodiazepines cannot significantly reduce the risk of developing dementia. In this meta-analysis, we calculated summary RRs from unadjusted and adjusted data. Interestingly, a significantly positive association of benzodiazepine use with risk of dementia was consistently observed in both conditions. Furthermore, on the basis of p values for the difference between two conditions calculated from meta-regression (data not shown), we found that there was no significant difference in magnitude of the pooled effect size between two conditions. Therefore, pooled results from unadjusted and adjusted risk estimates resulted in virtually identical interpretation for the association of benzodiazepine use with risk of dementia. Consequently, calculation of unadjusted and adjusted summary RRs makes our findings more convincing rather than more obscuring.
Source of heterogeneity
In the current review, we found the evidence of moderate heterogeneity for pooled adjusted RRs on past use of benzodiazepines and dementia. As revealed by our sensitivity analyses, one study [14] that conducted in the Asian population and had a large sample size probably accounted for the observed heterogeneity. Indeed, racial differences in the prevalence and incidence of dementia have been reported [38, 39] . Epidemiological studies with large sample size are less driven by confounding effect and chance error, consequently producing more precise risk estimates.
Limitations
Our review has several limitations. First, inclusion of a small number of studies did not permit us to investigate the potential effect modifiers for the association of benzodiazepine use and dementia through subgroup analyses. For example, Alzheimer's disease and vascular dementia are the main subtypes of dementia, and they have different incidence and etiology. However, we could not confirm whether the risk of Alzheimer's disease is different from that of vascular dementia due to limited numbers of included studies. Second, although there was no evidence of publication bias, we could not completely rule it out because Begg's test and Egger's test have limited statistical power when there are relatively small included studies. Third, we observed moderate heterogeneity for pooled results on past use of benzodiazepines and dementia. Such heterogeneity raised concerns about the reliability of pooled results. Nevertheless, we were capable of identifying the source of heterogeneity through our sensitivity analyses. Finally, our pooled results might be subject to the uncontrolled or residual confounding, although we used the most fully adjusted risk estimates. Nevertheless, when we pooled unadjusted RRs, the increased risk of dementia in benzodiazepine users remained significant.
Implication for clinical practice
Prevention of dementia is critical under the condition that the pharmaceutical therapies for dementia fail to function well against disease progression [40] . Long-term benzodiazepine use has been linked with increased risks of injurious falls [41] and hip fracture [42] . On the basis of limited studies, we observed that long-term benzodiazepine use was associated with an increased risk of dementia. If these observed associations are causal, for reducing possible adverse reactions, ideally, medical practitioners should limit benzodiazepine use to several weeks as recommended by international guidelines [8] . However, in practice, making such decision is difficult because apprehension regarding the possibility of rebound anxiety and insomnia after discontinued use of benzodiazepine appears to favor the long-term use. Thus, physicians should carefully weigh the anticipated benefits of long-term benzodiazepine use against the risks involved.
Conclusions
On the basis of either unadjusted or adjusted risk estimates, our study consistently indicates that long-term benzodiazepine use is associated with an increased risk of dementia. Due to limited studies, especially dose-response analysis, and potential reverse causation, these findings should be treated with caution. Large prospective cohort studies with long follow-up duration are needed to confirm whether the association between long-term benzodiazepine use and increased risk of dementia is causal. If confirmed, long-term benzodiazepine use should be considered as a critical public health issue in the context of the widespread use of benzodiazepines and the huge burden of dementia across many countries.
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